Streptococcus pyogenes strains were genotyped by a combination of molecular methods for highresolution epidemiologic studies of disease outbreaks. Polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) analysis of the emm gene is reported. Alone or in conjunction with other molecular techniques (16S ribotyping, pulsed-field gel electrophoresis, and detection of exotoxin genes), PCR-RFLP could differentiate outbreak-related strains from contemporaneous background strains of the same M serotype. Three outbreaks were studied: pharyngitis in a boarding school (serotype M5), cross-infection in a hospital burn unit (serotype M76), and severe invasive disease in two elderly care homes (serotype R28). It was possible, for example, to identify within serotype R2~a clone with particular potential for invasive disease. In all cases, the four molecular methods yielded complementary results that were hierarchically related. Strains could be assigned to the outbreak or the background in a precise, reproducible, and rapid manner.
Streptococcus pyogenes strains were genotyped by a combination of molecular methods for highresolution epidemiologic studies of disease outbreaks. Polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) analysis of the emm gene is reported. Alone or in conjunction with other molecular techniques (16S ribotyping, pulsed-field gel electrophoresis, and detection of exotoxin genes), PCR-RFLP could differentiate outbreak-related strains from contemporaneous background strains of the same M serotype. Three outbreaks were studied: pharyngitis in a boarding school (serotype M5), cross-infection in a hospital burn unit (serotype M76), and severe invasive disease in two elderly care homes (serotype R28). It was possible, for example, to identify within serotype R2~a clone with particular potential for invasive disease. In all cases, the four molecular methods yielded complementary results that were hierarchically related. Strains could be assigned to the outbreak or the background in a precise, reproducible, and rapid manner.
Streptococcus pyogenes (group A streptococcus, GAS), a gram-positive, facultative anaerobic bacterium, is one of the most important human bacterial pathogens. Numerous virulence factors allow this organism to produce a wide range of diseases, from infections of the respiratory tract or skin and soft tissues to toxic-shock syndrome.
The major virulence factor of S. pyogenes is the filamentous M protein, which protects the bacterium from phagocytosis by polymorphonuclear leukocytes. Lancefield [1] established its role in virulence, developed a serotyping scheme based on M protein precipitin reactions, and demonstrated that GASprotective immunity was M serotype-specific. The M protein forms a stable dimer with an a-helical coiled-coil structure that is anchored to the cell membrane and traverses the cell wall [2] . It has a conserved leader sequence at the amino terminus, which is followed by a short hypervariable region that confers serotype specificity [3] . The nucleotide sequences for many genes encoding M proteins (emm genes) have been determined [4] [5] [6] . The emm genes can be amplified by the polymerase chain reaction (PCR) with universal primers [7] , allowing sequence polymorphism analysis. Nucleotide substitutions and insertions in the emm 1 gene produce size and antigenic variation in the serotype Ml protein [8] .
S. pyogenes produces several antigenically distinct extracellular toxins (streptococcal pyrogenic exotoxins): Some are erythrogenic, causing the scarlet fever rash, and have been associated with streptococcal toxic-shock syndrome [9] . Two of the genetic determinants, speA and speC, are carried by a laterally transmissible bacteriophage [10] [11] [12] ; however, the speB gene is not. The occurrence of different spe genes has been studied with respect to GAS epidemiology [12] and population genetics [6] .
In a previous study of invasive S. pyogenes strains, we defined genotyping methods that subtype strains between and within 6 prevalent M serotypes [13] . Both 16S ribotyping and pulsed-field gel electrophoresis (PFGE) enabled strains within serotypes Ml, M3, M6, and MIl to be distinguished from each other, but they appeared to have a monophyletic origin. Strains within serotypes M5 and R28 were heterogeneous and appeared to be of polyphyletic origin.
In the present study, we sought to further increase the discriminatory power of GAS genotyping by additional analysis of virulence determinants. One objective was to elucidate the relationship between virulence gene variants and whole genome restriction fragment length polymorphism (RFLP) markers. We then asked how such an approach would alter or improve the classical phenotypic (M protein-based) epidemiologic study of GAS outbreaks. For the purpose of this study, strains were defined by classical epidemiologic criteria as of "outbreak" or "nonoutbreak" origin.
Materials and Methods
Bacterial strains and phenotypic characterization. S. pyogenes strains were isolated from persons with invasive or noninvasive streptococcal disease and serotyped by conventional methods. Strains of different M serotypes were selected for the study from three epidemiologically distinct UK outbreaks investigated by the Streptococcus and Diphtheria Reference Unit: a 1991 pharyngitis outbreak in a boarding school due to serotype M5, an outbreak of cross-infection in a hospital burns unit in 1991-1992 due to serotype M76, and an outbreak of invasive disease in two nursing homes in 1995 due to serotype R28.
All geographic areas in the study are coded numerically in table 1. All outbreak-related isolates of a serotype were compared with contemporaneous isolates of the same serotype from different geographic areas in the United Kingdom (UK; nonoutbreak isolates). For the serotype R28 invasive disease outbreak, we had nonoutbreak UK isolates ofthe same M serotype available for comparison plus isolates due to enhanced local surveillance for cases of necrotizing fasciitis.
Streptococci were cultured aerobically at 37°C for 18-24 h on horse blood agar plates and preserved for reference in blood glycerol (16% vol/vol) broth (Oxoid, Basingstoke, UK) at -70°C. Reference strains were obtained from the National Collection of Type Cultures (Central Public Health Laboratory, London).
Nucleic acid methods. Minipreparation of genomic DNA from streptococcal plate cultures, restriction enzyme digestion, and hybridization with a 16S rRNA gene probe were done as previously described [13] . Enzymes EcoRI (coded E) and Sad (coded S) were used for 16S ribotyping. The membrane filters were developed colorimetrically [13] and scanned directly (ScanMaker IIG; Microtek Lab, Redondo Beach, CA) into a Power Macintosh 6100/60 (Apple Computer, Cupertino, CA). They were imaged with Taxolab R software (RestrictoScan and RestrictoTyper; Institut Pasteur, Paris) to generate diagrammatic representations of 16S ribotypes.
Macrorestriction and PFGE were done as previously described [13] with several modifications: Mutanolysin (Sigma-Aldrich, Poole, UK) was added to the cell suspension to a final concentration of 8 fLg/mL before addition of molten agarose, solidified agarose blocks were incubated in lytic solution II for 6 h rather than overnight, and the 6-h prewash in lytic solution III was eliminated. EcoRI (E) ribotypes, Sad (S) ribotypes and SmaI macrorestriction profiles (mrps) were assigned numbers following in series from our prior GAS genotyping study [13] .
The PCR primers used for detection of exotoxin genes were derived from published nucleotide sequences [14] [15] [16] and PCR assays [6] . The forward and reverse primers were speA, 5'-CTTAAGAACCAAGAGATGGC-3' and 5'-ATAGGCTTTGGA-TACCATCG-3'; speB, 5'-TTCTAGGATACTCTACCAGC-3' and 5'-ATTTGAGCAGTTGCAGTAGC-3'; and speC, 5'-CATC-TATGGAGGAATTACGC-3' and 5'-TGTGCCAATTTCGATT-CTGC-3'. Initial denaturation of a cell suspension at 96°C for 2 min was followed by 35 cycles of denaturation at 94°C for I min, primer annealing at 58°C for 2 min, and extension at 72°C for 1 min. The final cycle included extension for 10 min at 72°C. The amplicon sizes for speA, .'lpeB, and ,\peC were 200, 300, and 230 bp, respectively (unpublished data).
Forward and reverse PCR primers and conditions used for amplification of the emm genes were the "all M" primers of Podbielski et a1. [7] . Amplicon classes from each serotype were designated emm5, emm76, and emm28. All PCRs were done in a Robocycler (Stratagene, La Jolla, CA). After digestion with Haelll and electrophoresis in 3% NuSeive 3: I agarose (3 h at 80 V), RFLPs were designated emm5.Hl to emm5.H5, emm76.HI to emm76.H6, and emm28.Hl to emm28.H4. Using boiled cell suspensions as substrate, RFLP results were obtained in < 1 day.
Results

Analysis of a pharyngitis outbreak caused by serotype M5.
Ten strains epidemiologically related to a pharyngitis outbreak in a boarding school were compared with 6 contemporaneous serotype M5 strains from laboratories in different UK areas, representing nonoutbreak isolates. Combined 16S ribotypes were obtained from genomic Southern blots made with EcoRI and Sad (figure 1). All 16 strains shared the same combined ribotype. This shared ribotype differed from the pre-1963 reference strain in Sad polymorphism (figure 1B, lane 3 vs. 2). The reference strain also had an Sma I mrp distinct from any other isolate in this study. Nine of 10 outbreak-related strains shared mrp M5 .11, which was also found in half the nonoutbreak UK isolates. There was a four-band difference between this and mrp M5.8 ( figure 2A, lane 3 vs. 4) , the profile found in all other nonoutbreak strains and in a single strain in the outbreak-related set.
All 16 strains, in contrast to the M5 reference strain, carried speA, speB, and speC genes as determined by PCR. Five different HaeIII RFLPs were found within emm5 amplicons. One of these, 5.H2 (figure 3A, lanes 3-11, 15 and 16), was found in all strains from the outbreak-related set and in 2 nonoutbreak strains isolated from scarlet fever patients. Three nonoutbreak strains from invasive disease, which had the same combined ribotype, mrps, and exotoxin profiles as the strains from the pharyngitis outbreak set, differed only in emm gene profile ( figure 3A, lanes 12-14) .
Analysis of a cross-infection outbreak caused by serotype M76.
A comparative analysis was made of 14 strains epidemiologically associated with a cross-infection outbreak (localized skin sepsis in a hospital bum unit) and 7 contemporaneous strains of the same serotype from diverse UK locations and diseases (nonoutbreak UK isolates). The latter exhibited considerable diversity in E, S, and combined (ES) ribotype: Only 2 pharyngitis isolates from the same laboratory (SDRU 32/91, SDRU 33/91) had the same combined ribotype (table 1) , yet all 13 outbreak-related strains shared a unique combined ribotype. Six unrelated mrps were found among the 7 nonoutbreak strains ( figure 2B, lanes 10-15) . A single mrp was shared by 12 of 13 outbreak-related strains; the other had an mrp with two band differences (figure 2B, lane 7 vs. 8).
A peR amplicon from the speB gene was generated from all strains. PCR showed that the majority of the nonoutbreak strains also carried the speC gene, and 1 carried all 3 spe genes. Six different HaeIII RFLPs were found within the emm76 amplicons. One of these, 76.H2 ( figure 3B, lanes 3-10) , was distinct and was associated with the outbreak-related set only. Amplicons from 3 nonoutbreak strains were not digested by HaeIII ( figure 3B, lanes 12-14) , whereas the 4 that were digested had diverse RFLPs (lanes 11 and 15 -17) .
Analysis of an outbreak of severe invasive disease caused by serotype R28. We analyzed 6 serotype R28 strains from an outbreak of infected ulcers, cellulitis, and necrotizing fasciitis among elderly patients in two neighboring nursing homes. Six strains of serotype R28 isolated from patients with diverse diseases in the same area were characterized, as were 5 R28 strains isolated from different UK areas (table 1) . The outbreak- related strains possessed the same combined ribotype that was also found in more than half of the nonoutbreak strains from the same area. Identical mrps were shared by the outbreakrelated strains and 5 of 6 nonoutbreak strains from the same area ( figure 2B, lane 3) . However, the ES ribotypes and mrps of nonoutbreak strains from the UK as a whole differed from each other and from those of the outbreak set (table 1) . PCR showed that all but 1 outbreak-related strain produced speB and speC amplicons, as did 6 nonoutbreak strains from the same area and 3 nonoutbreak strains isolated from invasive t Distinct areas within UK are coded numerically: 1-18. t Arabic numbers after enzyme code (E, EcoR1; S, Sad; ES, combined ribotype) indicate different patterns of hybridization with probe. Ribotypes E1-EI0 and S1-S20 have been described [13] .
S mrp (macrorestriction profile) with Sma!. II emm gene polymerase chain reaction (PCR) amplification followed by restriction fragment length polymorphism (RFLP) with HaeIII; NC = not cut by HaeIII.
Streptococcal pyrogenic exotoxin genes A-C determined by peR.
** From enhanced local area surveillance initiated due to NF outbreak.
diseases elsewhere. One outbreak-related strain that carried speA, B, and C genes was isolated from an asymptomatic nursing home staff member. Four different HaeIII RFLPs were found among the emm28 amplicons. One, 28.H2 (figure 3C, lanes 3-11 and 13), was associated with the outbreak-related set and with most of the nonoutbreak strains from the same area. Although 2 cellulitis-necrotizing fasciitis isolates among the nonoutbreak control set carried speB and C genes, they were otherwise unrelated to the outbreak-related strains by ribotype, mrp, or emm28 amplicon RFLP.
Discussion
In this study, we analyzed outbreaks of different streptococcal diseases at the genotypic level, augmenting ribotyping and PFGE [13] by PCR analysis of genes encoding streptococcal pyrogenic exotoxins and M proteins. In a study of genetic diversity among serotype Ml strains, Musser et al. [6] detected 7 distinct emm 1 alleles by sequencing a portion of the gene from 51 strains. We show here that RFLPs of the emm gene within any of 3 serotypes constitute a significant genetic marker for epidemiologic studies. In contrast to the relatively laborious approach of nucleotide sequencing, the rapid PCR-RFLP technique described is particularly suitable for analysis of large numbers of strains.
The spread of streptococcal pharyngitis by direct contact with droplets of saliva or nasal secretions is favored by crowding in institutions such as schools [17] . For serotype M5 strains analyzed in relation to the boarding school pharyngitis outbreak, effective interstrain discrimination was found by a com- bination of PFGE and emm5 gene polymorphism analyses. Although 9 of 10 outbreak-related strains shared an mrp that also occurred among nonoutbreak M5 strains, the latter had a distinct emm5 RFLP.
Interpretative criteria for PFGE [18] state that 4-6 mrp fragment differences, consistent with two independent genetic A B
events, indicate an isolate may not be part of an outbreak. This excludes 1 strain (SDRU 03/91) from the outbreak, suggesting it was acquired coincidentally. Since 2 scarlet fever strains with the same genotype as SDRU 03/91 occurred among the nonoutbreak set, all 3 strains may belong to the same clone within serotype M5. Streptococcal infection of bums causes variable local inflammation, occasional septicemia, and frequent failure of skin grafting. The salient feature of the serotype M76 bum unit outbreak-related strains was a common ribotype, mrp, emm76 RFLP, and exotoxin B determinant, whereas nonoutbreak strains were divergent from each other and from the outbreak set at all markers. Only 1 outbreak-related strain exhibited 2 mrp fragment differences, consistent with a close genetic relationship [18] : This strain was considered part of the outbreak since its 3 other genotype markers were identical to the rest of the set. By comparison with the pharyngitis outbreak strains, the bum unit outbreak-related strains exhibited exact correlation of genotype markers and epidemiologic data. A single strain is most likely to be implicated in hospital crossinfection, and precise description of its genotype may greatly contribute to cross-infection control. Rapid emm gene PCR-RFLP analysis is particularly appropriate for resolving such issues.
Entry of S. pyogenes through the skin can give rise to several types of local lesions and can lead to cellulitis, an acute spreading inflammation of the skin and subcutaneous tissues, or to necrotizing fasciitis, an infection of deeper tissues and fascia, characterized by rapidly spreading necrosis [17] . All but 1 R28 outbreak-related strain shared the same ribotype, mrp, emm28 RFLP, and exotoxin genes as did 4 of 6 nonoutbreak R28 strains from the local area (but none from the UK as a whole). Three local area strains with this genotype were from invasive disease, suggesting the presence in that area of an R28 clone of genotype ES-12, R28.7, emm28.H2, and speBC, with significant potential for invasive disease. Conclusions such as this can only be reached by high-resolution genotyping that can differentiate strains within a serotype.
The additional speA gene found in a strain carried asymptomatically by a nursing staff member excluded it from the outbreak since it was not found in any other strain of genotype ES-12, R28.7, emm28.H2. There has been indirect evidence that speA may be transferred laterally among GAS by bacteriophage [19] . It is noteworthy that nonoutbreak R28 strains from invasive disease in the UK as a whole were heterogeneous and distinct for at least 3 genotypic markers.
A clone can be defined as any strain belonging to a set of microbial isolates recovered "independently from different sources, in different locations, and perhaps at different times, but showing so many identical phenotypic and genotypic traits that the most likely explanation for this is a common origin" [20] . In the present study, several strains from different epidemiologic contexts (serotype R28, genotype ES-12, R28.7, emm28.H2, speBC and serotype M5, genotype ES-2, M5.8, emm5.H2, speASe) were identical for 4 genotype markers and the serotype, identifying them as clones by the above criteria.
The relationship between the molecular markers reflects their relative discriminatory power and the genetic diversity within particular serotypes. M serotypes may be either monophyletic or polyphyletic in origin, with consequences for molecular epi- A c demiology [13] . In the present study, the emm gene PCR-RFLP method exhibited simplicity, speed « I day), and reproducibility, and its discriminatory power was about that of PFGE. The results of this and the other molecular methods were complementary and could be related in a hierarchical fashion. The present study indicates that GAS diseases are amenable to precise analysis of strain genotype, which can elucidate their epidemiology and the molecular ecology of S. pyogenes.
